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Mechanical Unfolding of Human Telomere G-Quadruplex DNA Probed by
Integrated Fluorescence and Magnetic Tweezers Spectroscopy
Xi Long, Joseph W. Parks, Clive R. Bagshaw, Michael D. Stone.
University of California Santa Cruz, Santa Cruz, CA, USA.
Telomeres are specialized chromatin structures that protect chromosome ends
from nucleolytic processing by DNA repair machinery. The foundation of hu-
man telomere structure is a long array of tandem DNA sequences (TTAGGG),
which can fold into a class of secondary structures known as G-quadruplexes
(GQ). Previous studies revealed that GQs are highly polymorphic and a variety
of topologically distinct forms may coexist under a single folding condition1-3.
Single molecule Fo¨rster resonance energy transfer (smFRET) experiments
demonstrated the dynamic nature of GQ structure, and suggested that inter-
conversion between topologically distinct GQ folds proceeds through an oblig-
atory transient intermediate4. To further characterize this GQ folding interme-
diate we developed employed an integrated fluorescence and magnetic
tweezers spectroscopy technique, which permits the application of a wide
range of stretching forces (0.1-50 picoNewtons) to individual GQ folds,
together with simultaneous detection of GQ folding and unfolding through
smFRET. Here, we present our investigation of the Naþ-induced anti-
parallel GQ conformation. Analysis of the force-dependent rate constants for
the GQ folding and unfolding reactions provided an estimate of the position
of transition state for GQ unfolding along the DNA stretching coordinate.
The results suggest that telomere GQ is sensitive to mechanical force; only
small perturbations can disrupt the entire structure. Furthermore, by comparing
the GQ unfolded state with a single-stranded polyT DNA we show the
unfolded GQ exhibits a significantly compacted non-native conformation remi-
niscent of the protein molten globule.
1. Ambrus, D., et al., Nucleic Acids Research 2006, 34, 2723-2735.
2. Luu, KN., et al., J Am Chem Soc 2006, 128, 9963-9970.
3. Gray, RD., et al., J Phys Chem B 2009, 113, 2676-2683.
4. Lee, JY., et al., Proc Natl Acad Sci U S A 2005, 102, 18938-18943.
345-Pos Board B100
G-Quadruplex DNA Folding and Dynamics within Duplex DNA
Alex Kreig, Jacob Calvert, Ramreddy Tippana, Su-a Myong.
University of Illinois at Urbana-Champaign, Urbana, IL, USA.
The helix is the classical view of genomic DNA structure. Recent findings sug-
gest that alternate folding motifs can play an important role in gene expression.
One example is the G-Quadruplex, a single stranded DNA sequence composed
of four repeat sequences of two or more G’s each separated by varying spacer
sequences. This structure has been suggested to affect the expression of several
important genes in cancer development (c-MYC, c-KIT, VEGF)[1].
Recently, immune assay based experiments have shown that G-Quadruplexes
are stably found throughout the genome [2]. The dynamic properties underly-
ing the interaction between the G-Quadruplex and its single stranded DNA
complement have yet to be characterized. Preliminary studies suggest that these
structures are capable of forming in response to specific cellular actions and are
persistent in a biologically relevant time scale.
To determine sequence dependent properties of G-Quadruplexes, we utilized a
combination of Single Molecule FRETmicroscopy and small molecule binding
fluorescence assays. We investigated biophysical properties such as stability,
folding patterns, and structure persistence. These properties will help elucidate
the biological roles of specific genomic quadruplexes. This knowledge will aid
in interpreting the roles of the many G-Quadruplex associated proteins and may
assist in the development of the next generation of chemotherapeutic agents.
[1]. Patel, D et al. (2007) Nucleic Acids Research UK 35(22):7429-7455.
[2]. Lam, EYN et al. (2013) Nature Communications USA 4:1796.
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Validation and Physical Characterization of Ribosomal G-Quadruplexes
with MD Simulations
Adam T. Green, Samuel Cho.
Wake Forest University, Winston-Salem, NC, USA.
DNA and RNA adopt structures known as G-quadruplexes, and they are typi-
cally found in the telomere regions of chromosomes and in promoter regions.
G-quadruplexes that form in gene promoter regions are targeted at the nucle-
olus, the site of ribosome biogenesis, and its formation and stabilization in
the nucleolus can act as silencers in gene expression, control cell growth,
and thus provide a viable treatment for cancer. Although it is well-known
that ribosomal sequences are guanine-rich and could potentially form G-quad-
ruplexes, these putative sequences are seldom validated. In our study, wemodeled two putative parallel DNA quadruplex sequences that are based on
structures of known stable parallel and antiparallel DNA quadruplexes. We per-
formed 20 ns atomistic molecular dynamic simulations with the CHARMM36
force field and the NAMD simulation suite. We then calculated the base-base
distances and pseudo-torsion angles to project these quantities to free energy
profiles for the purpose of determining their relative stabilities. Based on these
simulations, we created a conformational and structural map based on the free
energy stabilities of two putative quadruplex sequences, and they can serve as
the basis of developing selective anti-cancer agents.
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G-Quadruplex Folding Depends on its Loop Size and Sequence: Extreme
Fast Folding Kinetics Observed in Human Telomere and its Isomer
Ramreddy Tippana1, Weikun Xiao1, Sua Myong2.
1Bioengineering, University of Illinois Urbana-Champaign, Urbana, IL,
USA, 2Bioengineering, Institute for Genomic Biology, Center for the Physics
of Living Cells, University of Illinois Urbana-Champaign, Urbana, IL, USA.
Highly stable GQ structures have been observed at telomeres and GC rich pro-
moter regions of several oncogenes in human cancer cells. Potential GQ form-
ing sequences entail triplet Gs (GGG) separated by variable sequence and
length of none-G bases, termed loop which often determines GQ folding
conformation. Folding conformations of GQ structures play an important role
in targeting GQ binding anticancer drugs with high specificity and selectivity.
It is very challenging to quantify each folded population accurately using bulk
methods. Ensemble measurements only provide information on existence of
both folded populations. Here we employed single molecule FRET to observe
two GQ folding conformations (parallel, antiparallel) and unfolding in real
time. In order to understand nature of GQ folding kinetics, we varied the loop
length and sequence systematically in between triplet Gs. Our result reveals
that a single base in one loop between any triplet Gs instantly drives GQ folding
into parallel conformation. Furthermore, keeping two or more bases leads to
appearance of antiparallel conformation first then it interconverts between other
conformations at equilibrium. We quantified the fraction of each conformation
from FRET intensity histograms. Furthermore we explored the loop sequence
variance in the context of human telomere (TTA) and its isomers (TTT, TAA,
AAA). Interestingly, kinetic analysis indicates that the human telomeric
sequence exhibits extremely fast folding rates compared to its counterparts.
Higher preference for either of the folded state observed in human telomere
and its isomers could have implication in protecting genome by tightly capping
chromosome end. Observed extreme rates of GQ folded state could potentially
useful in targeting GQ binding anticancer drugs at the telomere regions.
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DNA i-MOTIF Probed by Photoacoustic Calorimetry
David Butcher, Jaroslava Miksovska.
Chemistry, Florida International University, Miami, FL, USA.
The intercalated motif of DNA occurs in the C-rich strand of regulatory regions
of the genome and in the human telomere, where it competes with the G-quad-
ruplex and the DNA duplex. Its formation is strongly favored at acidic pH (<6).
The folding rates for various forms of i-motif have been determined previously,
but the initial steps of folding are not well characterized. Photoacoustic calo-
rimetry (PAC) has been used in conjunction with a 2-nitrobenzaldehyde pH-
jump technique to characterize thermodynamic and kinetic parameters associ-
ated with the protonation and initiation of the intramolecular i-motif folding’ on
fast timescales (~50ns to 10ms). Two kinetic steps were resolved, correspond-
ing to the intramolecular tautomerization of 2-nitrobenzaldehyde and cytosines
protonation within 50 ns. This is followed by nucleation of i-motif folding with
~300 ns lifetime. We determined DH and DV for the fast step to be 74.0 kcal
mol1 and 6.1 mL mol1 in the range of 7 - 20C; from 20-30C the values
are 99.7 kcal mol1 and 25 mL mol1. Photothermal beam deflection data indi-
cate the absence of kinetic steps between ~10 ms and 10 ms. In addition, the pKa
and stability of the i-motif structure with respect to temperature have been
probed by circular dichroism. At pH<7, the fraction of i-motif folded shows
little temperature dependence in the range of 7-30C, whereas at pH 7 the frac-
tion folded decreases from 0.19 to 0.08. The temperature dependence of i-motif
folding close to biological pH and temperature has potential implications for
the role of i-motif in vivo.
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Thermodynamics of the G-Quadruplex Formation of Modified Human
Telomeric Sequences
Yang Li, Robert B. Macgregor, Bita Zamiri.
Pharmacy, University of Toronto, Toronto, ON, Canada.
Oligodeoxyribonucleotides (ODNs) that are rich in guanine can form four
stranded structures known as G-quadruplexes. These structures are stabilized
Sunday, February 16, 2014 65aby monovalent cations sodium (Naþ) and potassium (Kþ). The structure of G-
quadruplexes can be highly polymorphic. H-Tel, an ODNwith four consecutive
repeats of the human telomeric sequence, [d(TTAGGGTTAGGGTTAGGGT-
TAGGG)], can assume different monomolecular G-quadruplex topologies de-
pending on the type of cation present in solution. The loop sequences between
the guanine repeats can also affect the conformation of the G-quadruplex
formed. The biological relevance of these investigations arises from the impli-
cation of G-rich sequences in diseases so that G-quadruplexes may be drug tar-
gets in cancer and other diseases. Our lab has shown that at high concentrations,
folded H-Tel self-associates to form multi-molecular species. Using H-Tel and
H-Tel derivatives, we are studying the characteristics of G-quadruplexes they
form and the conditions under which the folded species self-associate. The
structure and energetic properties are studied as functions of the type of cation,
the concentration of the cation, and the sequence of the bases in the loops be-
tween the tetrad-forming guanines. Our studies use circular dichroism spectros-
copy (CD), UV spectroscopy, differential scanning calorimetry (DSC), and gel
electrophoresis.
350-Pos Board B105
Microheterogeneity of Telomeric DNA Guanine Residues: pH Dependent
Spectroscopic Studies of Fluorescently Labeled Model Trinucleotides
Yasemin Kopkalli1, Aleksander Smirnov2, Jay R. Knutson2,
Lesley Davenport1.
1Chemistry, Brooklyn College of CUNY, Brooklyn, NY, USA, 2Optical
Spectroscopy Section, Laboratory of Molecular Biophysics, NHLBI, NIH,
Bethesda, MD, USA.
Guanine-rich telomeric DNA (TTAGGG)4 (hT4) folds through Hoogsteen base
pairing to form G-quadruplex structures, which inhibit the activity of telome-
rase, a key enzyme in tumorigenesis. Using a fluorescent guanine analog, 6-
methylisoxanthopterin (6MI), we previously observed varying fluorescence in-
tensity and emission wavelength shifts when incorporated into selective quad-
ruplex sequence guanine positions, either in the folded or unfolded
conformations. Our data suggest that quadruplexed guanine residues may
play differing roles in maintaining global conformational stability through
varying base-base, hydrogen bonding and/or solvent interactions. Previously
long-wavelength emission spectral shifts of 6MI (Hawkins et al., Analytical
Biochemistry (1997) 244, 86) were proposed to arise from possible deprotona-
tion of 6MI at position N3, a key residue involved in Hoogsteen base-pairing.
Here the effect of pH on the fluorescence properties of 6-MI (F) has been stud-
ied, when incorporated into model trinucleotides of hT4 with varying flanking
bases: -AFG-; -GFG-; -GFT-; and -GGF-. All 6MI trinucleotides showed inten-
sity quenching over 6MI, with a greater effect for purine neighbors
(GFG>GGF>GFT>AFG) as noted previously (Poulin et al., Biochemistry
(2009) 48, 8861). Increasing pH resulted in fluorescence intensity quenching
for the parent 6-MI and a red wavelength fluorescence shift (excited-state
pKa ~8.3). Interestingly fluorescence lifetime values appeared invariant over
the corresponding pH range (tav ~ 6.2ns at pH 5 and ~6.8ns at pH 11). Absorp-
tion spectral pH titrations revealed a ground-state pKa for 6MI of ~9.8. Model
6MI labeled trinucleotides also revealed long-wavelength emission shifts, but
associated with a dequenching of fluorescence signals. Increased excited-
state pKa values corresponded closer to ground state values for the fluorescent
trinucleotides. Effects of microheterogeneity on possible deactivating path-
ways for 6MI labeled trinucleotides, including possible electron transfer, de-
protonation, and quenching mechanisms will be discussed. (1Supported by
NIH 5SC3 GM095437).
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Polyelectrolyte Effects in G-Quadruplexes
Byul Kim, Yuen L. Shek, Tigran V. Chalikian.
University of Toronto, Toronto, ON, Canada.
The role of counterion condensation as a dominant force governing the stabil-
ity of DNA duplexes and triplexes is well established. In contrast, the effect of
counterion condensation on the stability of G-quadrupex conformations is
poorly understood. Unlike other ordered nucleic acid structures, G-quadru-
plexes exhibit a specific binding of counterions (typically, Naþ or Kþ) which
are buried inside the central cavity and coordinated to the O6 carbonyls of the
guanines forming the G-quartets. While it has been known that the G-quadru-
plex-to-coil transition temperature, TM, increases with an increase in the con-
centration of the stabilizing ion, the contributions of the specific (coordination
in the central cavity) and nonspecific (condensation) ion binding have not
been resolved. In this work, we separate the two contributions by studying
the change in TM of preformed G-quadruplexes following the addition of non-
stabilizing ions Liþ, Csþ, and TMAþ. In our studies, we used two G-quadru-
plexes formed by the human telomeric sequences which are distinct with
respect to the folding topology and the identity of the stabilizing ions. Our
data suggest that the predominant ionic contribution to G-quadruplex stabilitycomes from the specifically bound Naþ or Kþ ions and not from counterion
condensation around the DNA. We offer molecular rationalizations of the
observed insensitivity of G-quadruplex stability to counterion condensation
and emphasize the need to expand such studies to assess the generality of
our findings.
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Structural Dynamics and Polymorphism of Telomeric G-Quadruplex DNA
Structures
Sofie L. Kragh1, Søren Preus1, Daniel Gudnason1, Jean-Louis Mergny2,
Victoria Birkedal1.
1iNANO center, Aarhus University, Aarhus, Denmark, 2ARNA Lab,
INSERM, U869, IECB, Universite de Bordeaux, Pessac, France.
Telomeres protect the ends of chromosomes and are important for genomic
stability. Telomeric DNA is double stranded with a single strand overhang
and contains the same sequence repeated over and over. This G rich DNA
can fold into G-quadruplex structures, which can contribute to the regulation
and maintenance of telomere length. Telomeric G-quadruplex structures, con-
taining the human telomeric repeat TTAGGG, fold under many different con-
formations depending on their environment. They show large conformational
diversity in solutions containing KCl and the different conformations inter-
connect dynamically one with another with time constants that depend on
salt concentration. We investigate here different telomeric G-quadruplex
structures using single molecule FRET microscopy to obtain a direct insight
into their structural polymorphism and dynamics. Experimental conditions
are carefully chosen and adjusted to yield G-quadruplex foldings with both
large and low conformational heterogeneity. This study allows a clear identi-
fication of FRET efficiency signatures for different G-quadruplex
conformations.
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Kinetics of Two Slow Conformational Transitions of the Quadruplex
Structure of the Thrombin Binding Aptamer and their Potassium Depen-
dence
Harikrushan Ranpura, Philp H. Bolton.
Wesleyan University, Middletown, CT, USA.
The thrombin binding aptamer, TBA, forms an anti-parallel chair type quad-
ruplex structure that has been found to have at least two slow conformational
transitions. One of these involves the loop residues T4 and T13 that hydrogen
bond to each other and stack with the G2-G5-G11-G14 quartet. This confor-
mational transition appears to be between the stacked and unstacked states of
T4 and T13. There are both enthalpic and entropic contributions to this tran-
sition barrier. The rate of this transition decreases with increasing potassium
concentration in agreement with the model that has potassium stabilizing the
stacking of T4 and T13. The other slow transition involves at least the G1 and
G14 residues that are in quartets. The barrier to this transition is almost
entirely entropic and the rate is not particularly sensitive to the concentration
of potassium in the range of 10 to 40 mM. These two transitions have rates in
the hundreds of millisecond range and can be monitored by standard NMR
methods. These transitions offer insights into the properties of TBA as well
as providing a model system for investigation of quadruplex structural transi-
tions under a range of experimental conditions as well as validating models of
the transitions.
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Z-DNA-Forming TG Repeats are Dynamic Mechanical Switches Sensitive
to Tension and Torsion
Sook Ho Kim1, Nam-Kyung Lee2, Joon-Hwa Lee3, Seok-Cheol Hong1.
1Physics, Korea University, Seoul, Republic of Korea, 2Physics, Sejong
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Left-handed Z-DNA has been implicated in various biological processes. Phys-
ical basis of functions of Z-DNA however remains elusive. Despite the preva-
lence of alternating thymine-guanine (TG) repeat sequences in eukaryotes, the
Z-DNA formed by these sequences has re-
mained incompletely understood. Here we
investigated mechanics and kinetics of the
B-Z transition occurring in short TG repeat
sequences under mechanical controls. We
discovered that the sequences switch
dynamically between B- and Z-DNA states
and the B-Z transitions in those sequences
are sensitive to applied tension and torsion.
By monitoring the B-Z transition in real
time, the transition rates were directly
measured and were of the order of 1 Hz.
